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Expression of three novel alternative splice forms of 
Ufd2a during zebrafish development. 
 
INTRODUCTION 
I. The Ubiquitin Proteosome System 
 Ubiquitin (Ub) is a small protein consisting of 76 amino acids which is very 
highly conserved.  The process of selectively conjugating these small proteins 
onto a specific protein substrate is called ubiquitylation.  It is an important 
mechanism for regulating many fundamental cellular processes including the cell 
cycle and apoptosis signaling through its role in regulated protein degradation via 
the ubiquitin-proteosome system (UPS). The UPS controls protein turnover rate 
of both proteins involved in various signaling pathways and of damaged or 
misfolded proteins.   
 The UPS is initiated by a multi-enzyme cascade which catalyzes the 
formation of a chain of ubiquitin monomers on the targeted substrate connected 
by isopeptide bonds.  The E1 enzyme activates the ubiquitin, E2 (conjugating 
enzyme) and E3 (ligase) then transfer the ubiquitin to the protein substrate that 
needs to be degraded. In some cases E4, can be necessary for the assembly 
and/or elongation of the chain.  This chain of ubiquitins marks the substrate for 
degradation by the proteosome. The E3 ubiquitin ligase is thought to be the 
component most important for selection of the substrate. These ubiquitin ligases 
fall into one of three classes: RING-finger, HECT, or U-box domain.  (For reviews 
of this process see: Nakayama 2003 and Powell 2006).  Ufd2a (ubiquitin fusion 
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degradation) is categorized as an E3/E4 ligase and has a U-box domain which is 
highly conserved amongst eukaryotes, and is essential for the assembly of 
polyubiquitin chains on various substrates in vitro (Nakayama 2003). 
 
II. Ubiquitin fusion degradation protein 2a: Ufd2a 
Ufd2p was first discovered in yeast and was termed an “E4” ubiquitination 
factor.  In vitro, E4 activity was required for more efficient proteosome targeting 
(by forming exceptionally long ubiquitin chains) and was linked to the cell’s 
survival in a stressed environment (Koegl 1999).  Two mammalian homologues 
of yeast Ufd2 have been found in murine testes, liver, brain, heart, and kidneys. 
These “U-box proteins” both exhibit E4 activity, which some investigators believe 
may actually represent a unique type of E3 activity (Nakayama 2001).  Mahoney 
et al then cloned and identified human Ufd2 (later found to be Ufd2a), a 130 kDa 
autoantigen, that was cleaved during apoptosis, as (Mahoney, 2002). 
Previously, it has been shown that mammalian Ufd2a has two alternative 
splice forms (referred to here as Ufd2aI and Ufd2aII).  The function of the longer 
form (Ufd2aII) is still under debate, however, the shorter (and ubiquitous form; 
Ufd2aI) is known to regulate cell division.  It is required in the cell cycle during 
mitosis for the correct condensation and separation of the chromosomes 
(Spinette 2004). Ufd2a I is also believed to play a role in apoptosis signaling as it 
is cleaved by apoptotic proteases during programmed cell death which inhibits its 
catalytic activity in vitro (Mahoney, 2002; Spinette 2006). However, preliminary 
experiments revealed that skeletal and cardiac muscle expressed an even larger 
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splice form of Ufd2a (Ufd2aIII). Sequencing of the Ufd2a cDNA isolated from 
these tissues indicated that it not only includes the previously identified exon 7 
which is present in Ufd2aII, but also an additional novel 147 bp exon, now named 
exon 7a.  Therefore, it is now apparent that there are three alternatively spliced 
isoforms of Ufd2a in human cells, Ufd2aI contains exons 1-6 and 8-27 (1173 
amino acids), Ufd2aII contains exons 1-6, 7, and 8-27 (1302 amino acids), while 
Ufd2a III includes exons 7 and 7a (1353 amino acids).  Data from experiments in 
which cardiotoxin was injected into the tibial muscle indicated that during muscle 
regeneration, murine myoblasts express Ufd2a I, the ubiquitous form of Ufd2a.  
However, during differentiation, myotubes began to express Ufd2a II, and 
subsequently, Ufd2a III, while fully differentiated myofibers expressed Ufd2a III 
exclusively (Mahoney et al manuscript in progress).   
 
III. Myogenesis 
Myogenesis is the formation of striated muscle tissue, typically occurring 
during embryonic development, although skeletal muscle undergo a similar 
processes during muscle regeneration following injury.  It is a highly ordered and 
regulated process in which myoblasts fuse into muscle fibers.
 
First, the muscle-
specific transcription factor, MyoD is activated stimulating the induction of 
myogenin expression, followed by an increase in the cyclin-dependent kinase 
inhibitors p21 and phosphorylated Rb, which induce an irreversible cell cycle 
arrest in G1.  Terminal differentiation markers such as myf 5 are then expressed 
and fusion of the myocytes occurs, forming multi-nucleated myotubes and 
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muscle fibers (For reviews of this process see: Fernandes 2007 and Rudnicki 
2007).  Interestingly, Nakayama et al reported in 2005 that Ufd2a -/- (express a 
truncated Ufd2a protein lacing the catalytic U-box) mice died in utero due to 
apoptosis of the cardiac myocytes.  Given the striking Ufd2a expression pattern 
during adult mammalian muscle regeneration (discussed above),we hypothesize 
that Ufd2a and its isoforms may play a role during muscle development. 
Since the mouse knockouts died in utero, the exact function of Ufd2a in 
early muscle development is difficult to examine.  Zebrafish are an ideal in vivo 
model organism for the study of skeletal and cardiac muscle development 
because: (a) their embryos are transparent and myogenesis begins early in 
development and (b) their embryos receive oxygen through diffusion rather than 
a cardiovascular system and can therefore tolerate a lack of blood flow. This 
would enable us to study zebrafish embryonic development in the presence of 
sustained cardiac failure. Finally, morpholino oligos can be designed to knock 
down specific isoforms of zebrafish Ufd2a mRNA in order to assess their 
individual significance. 
 
IV. Morpholino Oligonucleotides (MOs)  
Morpholino oligonucleotides (MOs) were first developed as a method for 
relating genes to their specific function. They are RNase-H independent and 
“block” the natural biological activity of the RNA targets until they degrade 
themselves.  Morpholino oligonucleotides can work in a few ways to hamper the 
biological activity of the target.  First, they can act by blocking splice sites 
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involved in pre-mRNA splicing.  During the maturation of mRNA, the gene 
undergoes a sequence of splicing events in which introns are taken out, and only 
the exons remain. The Morpholino Oligos can be designed to block one of these 
exons from being included in the final mRNA transcript that will translated.  This 
would result in an isoform-specific knockdown of that gene depending on which 
exon(s) were blocked and the subject (embryo) should exhibit effects of this “loss 
of function.”  Second, the Morpholino oligos can act by totally blocking translation 
of that gene by inhibiting the translation initiation complex from binding to the 
start site, and as a result, the ribosome cannot attach and translate the protein 
from this gene. Use of such MOs would result in a complete knockdown of that 
gene and the subject (embryo) should exhibit effects of this “loss of function.”   
 
HYPOTHESIS AND RATIONAL 
The data presented above strongly suggests that Ufd2a plays some role in 
the function or differentiation of striated muscle tissue. In addition, given the 
striking sequential expression pattern of the three alternatively spliced 
mammalian Ufd2a isoforms during adult muscle regeneration, as well as the 
phenotype of the Ufd2a -/- mouse embryos, we hypothesize that Ufd2a and its 
isoforms may play a role during muscle development. Therefore, we suggest that 
knockdown of Ufd2a in Zebrafish would result in myogenic deficiencies.  
However, the presence and expression pattern of Ufd2a and its isoforms has not 
yet been reported. 
Therefore in this thesis project we posed the following questions:  
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1) Are three alternative splice forms expressed in Zebrafish?   
2) If so, is their tissue specificity equivalent to that of mammals’?   
3) Does the expression pattern of the alternative splice forms change  
      during development?   
4) Are one or more of the splice forms required for Zebrafish       
     development? 
 
MATERIALS AND METHODS 
 
Recombinant DNA construction: primer sets 
#80- Exons 7/7a: 
Xba-Z7-7a: CTCGATCTAGACTGTATGGTTGTAGCCC 
Xho-Z7-7a: CTCGAGAGCTCGATGCACCCAGGCTGGACCC 
#81- Exons 6/8: 
XbaEx6-8 probe: GCTTTCTAGACGTGACTGTAACCCATTCG 
XhoEx6-8 probe rev: GTAACTCGAGCTTGAAGTTGTCACTGTC 
#82- Exon 7: 
Ze5-6 for: GGTGCCAGCTCTCTTTTCAGTCTGTATGGTTGTAGCCCAAACC 
XhoEx7 probe Rev: GTAACTCGAGCAGTGCAGTCCTTCTGG 
 
Plasmid Construction 
In order to create in situ probes, sequences of exons 6 and 8 (6/8), exons 
7 and 7a (7/7a), and exon 7 (7) of Ufd2a were generated by PCR amplification 
using above primer sets with appropriate restriction sites.  Resulting cDNAs were 
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ligated into pBluskript II SK (-) (GenBank/EMBL accession number: X52329) and 
grown up by transformation into MAX efficiency® DH5αTM cells (Invitrogen). The 
antisense and sense probes for 6/8 were generated using plasmid # 81 cut with 
Not I (or Xba I) and Xho I and transcribed using the T3 and T7 polymerases 
respectively. The antisense and sense probes for exon 7 were generated using 
plasmid # 82 cut with Xba I and Xho I and transcribed using the T3 and T7 
polymerases respectively. The antisense and sense probes for 7/7a were 
generated using plasmid # 80 cut with Xho I and Xba I and transcribed using the 
T7 and T3 polymerases respectively.   
 
Collection of Zebrafish embryos 
Adult zebrafish were maintained on a constant light/dark cycle (14 hours 
of light, followed by 10 hours of darkness).  Male and female adult zebrafish were 
placed together into small breeding tanks with system water.   After allowing 1-2 
hours for spawning, adult zebrafish were moved back into either a 20-gallon fish 
tank or a recirculating bench top aquaria system.  The inner part of the breeding 
tank (perforated with holes) was then removed and the fertilized embryos left in 
the outer tank in the system water.  The outer tank contents were emptied into a 
small mesh strainer to collect the fertilized embryos.  The strainer was then 
rinsed in embryo media (1 L dH2O, 25µl (10g/L) methylene blue, and 0.06 g 
Instant Ocean) to extract the embryos.  The fertilized embryos are then placed 
into a 30oC water bath to develop.  At desired time point, the embryos are fixed in 
4% PFA. 
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Whole Mount mRNA in situ hybridization 
Antisense and sense probes were synthesized using the pBluskript II SK 
(-) vectors described above, as well as gift vectors: (myoD (from Bruce W. 
Draper) and ntl (Dr. Robbert Creton) in reactions containing: 1X Dig-RNA 
labeling mix, T7 RNA polymerase, RNase inhibitor, RNase-free DNase (Roche), 
1X transcription buffer (Ambion), (or T3 RNA polymerase in place of T7 
(Ambion), and 0.2M EDTA as described in the Roche DIG labeling mix protocol.  
Probes were purified using RNeasy Mini Kit (QIAGEN), verified by agarose gel 
electrophoresis and stored at -80oC.  Ten to twenty embryos were combined and 
permeabilized with proteinase K solution (20ug/ml in PBT) at RT for 1-5 minutes 
(depending on the age of the embryo as described in a protocol obtained from S. 
Zchut, Rhode Island Hospital), washed twice in 100% PBT, and re-fixed in 4% 
paraformaldehyde for 20 minutes.  Embryos were then washed five times in 
100% PBT, incubated in hybridization buffer (50% formamide, 5x SSC, 5 µg/ml 
Torula RNA, 50 µg/ml heparin, 0.1 % Tween-20) for 1 hour at 65° C and then 
hybridized with 1 µl each digoxigenin-labeled mRNA probe in 500 ml of 
hybridization buffer at  65° C overnight, tumbling.   After washing at 65° C and 70° 
C, the embryos were blocked for nonspecific binding in a blocking solution of 2% 
BMB (Roche), 10% lamb serum and 1X MAB.  Probes were detected using Anti-
digoxigenin-AP Fab fragments (1:2000; Roche), followed by staining with 
NBT/BCIP stock solution (Roche).  The embryos were photographed with a Zeiss 
CL 1500 ECO Stereo Microscope equipped with a AxioCam ICc 1 digital camera 
and Axiovision software. 
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PCR 
For RT-PCR, total RNA from whole zebrafish embryos was isolated using 
the Trizol reagent (Invitrogen) following the manufacturers protocol. cDNA was 
made using the Affinity Script Multi-Temp. reverse transcriptase (Stratagene).  
PCR amplification was carried out using primers (5’ to 3’): 
 
F7:  GTAACCCATTCGCCAGCCTGACC 
R7a:  GACAGCTGGTTGGCTGCACATC 
F2:  CTCATGATGTCCACCCGTTCCCGTG 
R2:  GCAGTGGGAGCGAATGTTGCTCAGC 
 12
 
RESULTS: 
 
Ufd2a and its splice variants are detected in zebrafish  
The sequencing of the Ufd2a orthologue in zebrafish, UBE4b, on 
chromosome 23 predicts that exon 7 and 7a are present based on an alignment 
between the human exons and the zebrafish chromosome (NCBI accession #: 
194362.1). Using the predicted sequences of exons 6 and 8, primers were 
designed to examine whether or not transcripts containing exons 7 and 7a could 
be found in zebrafish. RT-PCR was performed on whole 7 days post fertilization 
(dpf) embryos and, for comparison, human skeletal muscle tissue.  Zebrafish 
mRNA was shown to express an 811bp, as well as a 313bp fragment, that is 
equivalent to the human 717 bp and 177 bp fragments (indicated by arrows).  
The larger of the two corresponds to a fragment that contains both exons 7 and 
7a, whereas the smaller corresponds to a fragment of only exons 6 and 8, 
representing Ufd2a III and Ufd2a I respectively (Fig. 1A).  The bands were gel 
purified and sequenced to verify these findings. 
 
The sequence of the alternatively spliced exons are conserved between vertebrate 
species. 
 The sequencing of the larger PCR fragment confirmed the exact locations 
of exon 7 and 7a in the UBE4b chromosomal sequence. A clustal W alignment of 
these exon sequences with those of human and mouse showed that exon 7 was 
26% conserved between zebrafish and humans.  However, exon 7a seemed to 
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be even more conserved at 53% between the two. Interestingly, there is a highly 
acidic region (seen in blue) within exon 7a that appears to be greatly conserved 
between the three vertebrates examined (Fig. 1B). 
 
A 
B 
Fig.1: A) Schematic representation of expected RT-PCR fragments using forward and reverse primers found in 
exons 6 and 8. If exons 7 and 7a are present in the Ze mRNA, the PCR fragment will be around 717 bp. Whereas 
if exon 7 and 7a are not present, the fragment will be around 177 bp.  Zebrafish mRNA found to express an 811 
bp as well as a 313 bp fragment.  B) Sequence alignment showing percent homology between human, mouse, 
and zebrafish exon 7 and exon 7a.  Exon 7a is unique in that it contains numerous acidic residues and is 
conserved in all three organisms.  Exon 7a is essentially repeated at the end of exon 7. 
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Splice variants are expressed sequentially during development in 
zebrafish. 
Previous knowledge shows that splice variants of Ufd2a appear 
successively in murine skeletal muscle differentiation.  The first form, named 
Ufd2a I, contains exons 6 and 8 (shown in gray), therefore excluding exon 7 and 
7a.   
  
A) 
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This short, ubiquitous form of Ufd2a is known to appear early in most tissues of 
mammals and in muscle precursor cells (primarily in the satellite cells and early 
proliferating myoblasts).  Ufd2a II contains exons 6 and 8, as well as exon 7 
(shown in blue).  It is expressed in murine myoblasts and early differentiating 
myotubes.  Finally, Ufd2a III contains exons 6, 7, and 8, as well as the novel 
exon 7a (shown in green).  The longest splice form of Ufd2a is seen only in cells 
which are in the later stages of differentiation in both myotubes and mature 
muscle tissue (heart and skeletal) (Fig. 2A).   
Since zebrafish muscle differentiation begins early in development RT-
PCR was performed on total RNA extracted from whole embryos at 2, 4, 8,10, 
24, 48 hours post fertilization (hpf) and 7 day old zebrafish embryos to determine 
when the transcripts containing the alternatively splice exons might first appear in 
the embryo (Fig 2B and data not shown). Primers were designed to recognize 
the end of exon 6 as well as the beginning of exon 9 (F2 and R2). Gel analysis 
showed a faint band at ~800 bp, representing just exon 7 and consequently 
Ufd2a II present first at 10 hpf.  At 24hpf, the band at ~800 bp appeared stronger, 
indicating increased expression, while a second, larger band is also faintly 
detectable.  The larger band was ~1 kb in length, and was later found to be 
representative of both exon 7 and 7a, and is thus Ufd2a III.  Over time, the 
expression of Ufd2a II decreased and Ufd2a III expression increased.  By 7 days 
post fertilization (dpf), only Ufd2aIII could be detected in the whole embryo (Fig. 
2B) . This result may either reflect the fact that most cells express either Ufd2a I 
or Ufd2a III and very few Ufd2a II or that Ufd2a II is no longer expressed at 7 dpf  
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.  Nested PCR was performed with an inner primer pair designed to 
recognize the beginning of exon 7 and the end of exon 7a (F7 and R7a).  PCR 
on the bands isolated from the PCR analysis in Fig 2B using this primer pair 
supported the sequential patterning of the Ufd2a splice forms.  PCR fragments 
corresponding to Exon 7 (representing Ufd2a II) appeared first in 10 hpf embryos 
and gradually decreased up until 48 hpf.  Transcripts containing exons 7 fused 
with 7a is detectable by 12 hpf and increases in expression over time (Fig. 2C). It 
is of interest to note that the somites (early skeletal muscle structures in fish) and 
the heart begin to form at 10 hpf and by 24 hpf a beating heart has developed. 
 
DIG-labeled RNA probes (Sense and Antisense) were produced and 
purified successfully 
DIG-labeled RNA probes complementary to the exon 7, exon 7-7a and exon 6-8 
mRNA sequences were designed to be used for whole mount in situ hybridization 
in order to examine the localization of the three splice variants in the embryo. 
Plasmids containing sequences of zebrafish myoD (muscle specific) and Ntl (no 
tail, notochord specific) were obtained from Dr. Bruce W. Draper (UC Davis) and 
Dr Creton (Brown University).  In order to create and validate these probes, the 
pBluscript plasmid containing the Ufd2a specific sequences or other plasmids 
containing the tissue specific control probes were digested with a restriction 
enzyme which would cut the plasmid just 3’ to the probe sequence in the DNA 
template (Fig 3A).  This digest linearized the plasmid and produced a stopping 
point for the polymerase used to make the RNA copy of the DNA plasmid 
sequence.  Transcription reactions were performed in the presence of DIG-
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labeled nucleotide in order to generate both anti-sense (A) and sense (S) RNA 
probes for each cut plasmid (Fig. 3A).  The presence of a single band on gel 
electrophoresis at the correct size confirmed complete digestion of the DNA 
plasmid (Fig. 3B).  Similarly, the production of a single RNA species of the 
correct size was verified by RNA gel electrophoresis (Fig. 3C).  Once inside the 
zebrafish embryo, the antisense probe binds to the mRNA inside the embryo, 
where the DIG label is recognized by the anti-DIG antibody.  However, the sense 
probe is essentially the same as the mRNA, will not bind, and it is washed away.  
To verify that the purified RNA probes were efficiently labeled with DIG, a dot blot 
analysis was performed using the detection solutions also used in the in situ 
protocol (Fig. 3D). 
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 In situ hybridization using tissue specific control probes, MyoD and Ntl, 
demonstrated correct in situ hybridization and little or no background 
staining. 
In situ hybridization is the process of using an RNA probe to localize for target 
RNA sequences.  To 
verify that the 
protocol and the 
reagents are working, 
we used tissue 
specific controls 
obtained from Dr. 
Draper and Dr. 
Creton.  Because 
Ufd2a is expressed in 
adult mammalian 
muscle tissue, we 
used the muscle-
specific probe MyoD. 
As an additional 
control the notochord-
specific Ntl probe was 
also used to verfify 
lack of background staining in inappropriate tissues.  As expected. at 12 hpf and 
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24 hpf, Myo D expression was detected primarily in the somites of the developing 
zebrafish embryo (Fig. 4A).  In addition, Ntl was detected with predicted 
notochord tissue specificity in embryos fixed at 10hpf and 24 hpf (Fig. 4B). There 
was also, very little if no background staining in either of the controls or the sense 
probes (Fig. 5 A-C), whose sequences were the same as the mRNA transcript 
which should be present inside the embryo and should therefore be washed 
away during in situ protocol 
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In situ hybridization using the three Ufd2a specific RNA probes: 6/8, Exon 
7, and 7/7a. 
Temporal and spatial expression of Ufd2a and its splice variants were 
examined using similar RNA probes containing the antisense sequences of the 
various exons of interest. Antisense probe 6/8 (representative of Ufd2a I) was 
detected primarily in the head of both 24 and 52hpf embryos.  A large dark region 
observed in the 52 hpf embryos resembled the developing otic vesicle.  No 
specific staining was seen in 12hpf embryos.  Antisense probe 7 (representative 
of Ufd2a II) was also detected primarily in the head of embryos collected at all of 
the time points.  At 12hpf, staining seemed to be concentrated to the head and 
tail region, being darker in the muscular tail.  Staining appeared to be localized to 
the brain and notochord at 30 hpf and the brain and heart primordium at 52hpf.  
Antisense probe 7/7a (representative of Ufd2a IIII) was seen ubiquitously in the 
zebrafish embryos at 12 hpf, and localized to the head and brain structures at 24, 
30, and 52 hpf.  Faint somites were seen in 24 hpf embryos and pectoral fin 
muscles were stained in 52 hpf embryos. 
 22
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DISCUSSION: 
Since zebrafish are an ideal model organism for developmental studies we 
wanted to examine their use as a vertebrate model to study the significance of 
Ufd2a in muscle development.  However, the expression of Ufd2a and its two 
alternative splice forms were not yet described in zebrafish, and therefore, we 
first looked for the presence of these isoforms during embryonic development. 
Our results described above indicate that the alternatively spliced exons 7 
and 7a were present in zebrafish and that their sequences were well conserved 
when compared to mammalian vertebrates.  This implied that Ufd2a I, II and III 
transcripts were all present in zebrafish and suggested that the three protein 
isoforms were also expressed.   
 In addition, we found that the temporal expression pattern of the three 
alternatively spliced exons was sequential over time. This suggests that Ufd2a I 
is present in early embryos immediately after fertilization while Ufd2a II appeared 
at the time in which the somites first begin to develop, suggesting that Ufd2aII 
might be specifically expressed in early myoblasts.  However, Ufd2a III was only 
observed later the embryonic development (after 24hpf) when somite formation 
was complete and the heart was fully developed and beating.  These findings 
correlate with the patterning of Ufd2a in adult murine models of muscle 
regeneration and differentiation, where Ufd2a II was found in myoblasts and 
Ufd2a III was found in fused myotubes and adult heart tissue.  To examine 
whether the tissue specificity of the alternative splice forms was conserved in 
adult zebrafish, RT-PCR was performed on total RNA isolated from adult 
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zebrafish heart, brain, skeletal muscle and spleen.  Results revealed that Ufd2a 
III was found specifically in the adult heart and skeletal muscle and not in the 
brain and spleen (Spinette, data not shown). 
In contrast, In situ hybridization results for Ufd2a and its splice forms were 
not very specific.  Appropriate staining patterns were obtained with control 
probes at all time points and little or no background staining was observed with 
both the sense and tissue-specific control probes.  There was also no non-
specific brain staining in either the sense or tissue-specific controls as there 
appeared to be with the Ufd2a-specific antisense probes.  Together, these data 
indicate that there is not a problem with tissue permeability, that the technical 
protocol used is viable for notochord and muscle staining, and suggest that the 
Ufd2a probes may not be specific enough. 
 A Blast search of the zebrafish expressed sequence tag (EST) database 
revealed the presence of exon 7 spliced to exon 8 specifically in myoblasts that 
were isolated from early somites (11-14 hpf, when we detected exon 7 by RT-
PCR).  However, we did not detect exon 7 in the somites by in situ. In contrast 
staining was ubiquitous in the embryo at this time point.  This observation, further 
suggests that the exon 7 probe is not binding to transcripts containing exon 7 in 
the myoblasts, it instead seems to be getting caught in between the folds of the 
developing brain regions.  Therefore, if the exon 7 probe is not binding 
appropriately, the staining observed using the exons 6/8 and 7/7a probes is most 
likely also not robust. 
 25
 If these studies were to be continued, new probe sequences would be 
designed and the in situ experiments repeated. 
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